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Abstract  14 
Giardia duodenalis is a widespread parasite of mammalian species, including humans.  15 
Fecal samples from sporadic human clinical cases of giardiasis in Western Australia were  16 
analysed  at  two  loci;  18S  rRNA  and  glutamate  dehydrogenase  (gdh),  and  G.  duodenalis  17 
assemblage B isolates were identified in 75% of isolates. Sequence analyses of 124 isolates at  18 
the 18S rRNA locus identified 93 isolates as assemblage B and 31 as assemblage A. Analyses  19 
of 109 isolates at the gdh locus identified 44 as B3, 38 as B4 and 27 were A2. Infection with  20 
Giardia was highest amongst children < 5 years of age, with > 56% of infections in this age  21 
group. The majority of the isolates were from rural areas (91/124) compared with urban areas  22 
(33/124). The assemblage A isolates were completely homogenous genetically at the  gdh  23 
locus, while assemblage B isolates showed variability at the nucleotide but not at the amino  24 
acid level at this locus. Some of the assemblage B3 and B4 subtypes identified in humans  25 
were  previously  identified  in  marsupials  in  Australia  and  in  a  fox,  indicating  potential  26 
zoonotic transmission.  27 
  28 
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1. Introduction  35 
  36 
  Giardia duodenalis is a widespread parasite of mammalian species, including humans,  37 
and has a global distribution causing an estimated 2.8 x 10
8 cases per year (Lane and Lloyd,  38 
2002).  In  Asia,  Africa  and  Latin  America,  about  200  million  people  have  symptomatic  39 
giardiasis  with  some  500,000  new  cases  reported  each  year  (WHO,  1996).  There  is  40 
considerable variation within G. duodenalis and several major genotypes/assemblages have  41 
been identified; with assemblages A and B associated with human and animal infections. The  42 
remaining assemblages (C to G) are likely to be host-specific, as assemblages C and D have  43 
been identified in dogs, cats, coyotes and wolves, assemblage E in cattle, sheep, goats, pigs,  44 
water buffaloes and muflons, and assemblages F and G in cats and rats, respectively (Caccio  45 
and Ryan, 2008). The prevalence of assemblages A and B varies considerably from country to  46 
country, although assemblage B seems more common (Caccio and Ryan, 2008).  47 
  Little data are available on the prevalence of G. duodenalis subtypes infecting humans  48 
in Western Australia, as only small numbers of isolates have been sequenced, usually at only  49 
one locus and the distribution of subtypes is unclear, although previous data suggests that  50 
assemblage B dominates (Hopkins et al., 1997; Read et al., 2002, 2004). The aim of the  51 
present study was to characterize a much larger number of sporadic Giardia isolates at two  52 
loci  and  determine  the  prevalence  and  distribution  of  Giardia  subtypes  in  different  age- 53 
groups,  the  extent  of  variation  within  subtypes  and  comparison  of  subtypes  identified  in  54 
humans with subtypes identified in animals.  55 
  56 
2. Materials and methods  57 
  58 
2.1. Faecal sample collection  59 
Faecal specimens (n = 124), positive for Giardia by microscopy, from sporadic human  60 ACCEPTED MANUSCRIPT 
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cases  were  collected  from  January  2005  to  November  2005  from  a  diagnostic  pathology  61 
laboratory  in  Western  Australia.  Patient  epidemiological  information  (age,  location,  62 
symptoms  or  clinical  signs,  collection  date,  etc.)  for  most  of  the  human  specimens  were  63 
collected.   64 
  65 
2.2. DNA isolation   66 
Genomic DNA was extracted from 200 mg of each faecal sample using a QIAamp  67 
DNA Mini Stool Kit (Qiagen, Hilden, Germany) or from 250 mg of each faecal sample using  68 
a Power Soil DNA Kit (MolBio, Carlsbad, California, USA). A negative control (no faecal  69 
sample) was used in each extraction group.  70 
  71 
2.3. PCR amplification  72 
All samples were amplified at the 18S rRNA locus and Giardia-positive samples were  73 
genotyped by sequencing. Amplification of a fragment of the Giardia 18S rRNA gene was  74 
performed as described by Hopkins et al. (1997) and Read et al. (2002). A total of 109 isolates  75 
were  also  analysed  at  the  Giardia  glutamate  dehydrogenase  (gdh)  locus  as  previously  76 
described  (Read  et  al.,  2004).  PCR  contamination  controls  were  used  including  negative  77 
controls and separation of preparation and amplification areas. The amplified DNA fragments  78 
from the secondary PCR product were separated by gel electrophoresis and purified using the  79 
freeze-squeeze method (Ng et al., 2006).   80 
  81 
2.4. Sequence and phylogenetic analysis  82 
Purified PCR products were sequenced using an ABI Prism
TM Dye Terminator Cycle  83 
Sequencing  kit  (Applied  Biosystems,  Foster  City,  California,  USA)  according  to  the  84 
manufacturer’s instructions. Nucleotide sequences were analyzed using Chromas lite version  85 ACCEPTED MANUSCRIPT 
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2.0 (http://www.technelysium.com.au) and aligned with reference sequences from GenBank  86 
using Clustal W (http://www.clustalw.genome.jp).   87 
Phylogenetic trees were constructed for the gdh locus with additional isolates from  88 
GenBank.  Distance  estimations  were  conducted  using  TREECON  (Van  de  Peer  and  De  89 
Wachter, 1997), based on evolutionary distances calculated with the Tamura-Nei model and  90 
grouped  using  the  Neighbour-Joining  method.  Parsimony  analyses  were  conducted  using  91 
MEGA version 3.1 (MEGA3.1: Molecular Evolutionary Genetics Analysis software, Arizona  92 
State University, Tempe, Arizona, USA). Bootstrap analyses  were conducted using 1,000  93 
replicates to  assess  the  reliability of inferred tree topologies.  Maximum  Likelihood (ML)  94 
analyses were conducted using the program PhyML (Dereeper et al., 2008) and the reliability  95 
of the inferred trees was assessed by the approximate likelihood ratio test (aLRT) (Anisimova  96 
and Gascuel, 2006).  97 
  98 
3. Results  99 
  100 
3.1. PCR and sequence analysis   101 
From the 124 isolates received between January 2005 to November 2005, analysis of  102 
the  18S  rRNA  locus  identified  93  isolates  as  G.  duodenalis  assemblage  B  and  31  as  103 
assemblage A. Infection with Giardia was highest amongst children < 5 years of age with >  104 
56% of infections in this age group (Table 1).  Analyses of 109 isolates at the gdh locus  105 
identified 44 as B3, 38 as B4 and 27 were A2 (Table 1). There was good agreement between  106 
the two loci with the exception of five isolates, three of which (GH104, GH135 and GH172)  107 
typed as assemblage A at the 18S rRNA locus and typed as B3, B4 and B3, respectively, at  108 
the gdh locus and two isolates (GH94 and GH179) which typed as assemblage B at the 18S  109 
rRNA locus and typed as A2 at the gdh locus. The majority of the isolates (~73%) were from  110 
rural areas (91/124) compared with urban areas (33/124) (Table 2).   111 ACCEPTED MANUSCRIPT 
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  112 
3.2. Phylogenetic analysis of Giardia isolates at the gdh locus  113 
Phylogenetic  analyses  of  the  partial  nucleotide  sequence  of  the  gdh  locus  using  114 
Distance,  Parsimony  and  ML  analyses  produced  similar  results  (data  not  shown)  and  115 
identified that all of the 27 assemblage A2 isolates were 100% identical to the A2 reference  116 
isolate AD-2 (L40510) and revealed variation within the assemblage B3 and B4 isolates with  117 
the majority of variation in B3 (Fig. 1 - NJ Distance tree shown). Within B3 there were  118 
several different sub-groups, which received poor support using all methods of analysis. A  119 
total of 14 isolates matched 100% with the reference B3 isolate BAH12 (AF069059). The  120 
remaining isolates had between one and four single nucleotide polymorphisms (SNPs) from  121 
BAH12 (Table 3). Isolate GH78 was identical to a B3 variant sequence (DQ904425) from a  122 
Norwegian red fox (Hamnes et al., 2007).   123 
Within B4, there were two sub-groups. Group one consisted of 23 isolates, which were  124 
identical to the B4 reference isolate Ad45 (AY178739). Group two consisted of 15 isolates,  125 
14 of which were identical to an assemblage B isolate Vanc/89/UBC/059 (AY178750) from a  126 
dog and one isolate (GH16) which exhibited one SNP (Table 4). All of the variations in both  127 
B3  and  B4  isolates  were  synonymous  changes  and  therefore  resulted  in  no  amino  acid  128 
differences.  129 
  130 
3.3. Clinical symptoms and other concurrent infections  131 
Data  on  clinical  symptoms  were  available  for  80  of  the  124  samples  received.  132 
Diarrhoea was the most common symptom reported in 74% of cases, abdominal pain in 7.5%  133 
of cases, nausea and vomiting in 5% of cases, failure to thrive in 5% of cases, fever in 2.5% of  134 
cases and weight loss in 2.5% of cases. Several of the Giardia isolates were co-infected with  135 
other pathogens. One isolate (GH73) from a patient suffering from anemia was co-infected  136 
with Endolimax nana, Hymenolepis nana and  Blastocystis hominis. Co-infections with H.  137 ACCEPTED MANUSCRIPT 
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nana  only  were  present  in  four  isolates  including  two  of  the  failure  to  thrive  patients.  138 
Similarly co-infections with B. hominis only were identified in three isolates, and one patient  139 
(GH35) had a concurrent H. nana and B. hominis infection. One isolate (GH25) was co- 140 
infected with Shigella sonni and H. nana. One isolate (H137) was co-infected with Isospora  141 
belli and one (GH179) with Cryptosporidium.  142 
  143 
4. Discussion  144 
  145 
To the best of our knowledge, this is the first study to sequence and analyse a large  146 
number of Australian human Giardia isolates at two loci. Analyses of Giardia isolates using  147 
at  least  two loci is essential due  to ‘assemblage swapping’ or  the assignment of  Giardia  148 
isolates to different assemblages using different markers, which has been frequently reported  149 
(Traub et al., 2004; Caccio and Ryan, 2008). Similar to Giardia genotyping reports from  150 
humans from a wide range of geographic areas, (cf Caccio and Ryan, 2008), only assemblages  151 
A and B were detected. Giardia infection was highest amongst children < 5 years of age but  152 
was present in 14-16% of samples from humans aged between 6-70 years (Table 1). Other  153 
studies have reported the highest prevalence amongst children aged < 1-9 years of age (cf.  154 
Xiao and Fayer, 2008).   155 
Previous analyses have shown the existence of two sub-groups in assemblage A (A1  156 
and A2) and in assemblage B (B3 and B4). In the present study, all of the assemblage A  157 
isolates were subtyped as A2 at the gdh locus. Genotype A1 is generally found in animals,  158 
whereas genotype A2 has mainly been identified in humans. However, A2 has occasionally  159 
been detected in animals (cf. Caccio and Ryan, 2008).  160 
The present study identified a high prevalence (75%) of G. duodenalis assemblage B  161 
isolates amongst sporadic Giardia cases in Western Australia. Previous studies in Australia,  162 
which sequenced small numbers of isolates at one locus, have also reported a high prevalence  163 ACCEPTED MANUSCRIPT 
8 
of assemblage B in human isolates (Hopkins et al., 1997; Read et al., 2002, 2004). Sequence  164 
analysis of the 18S rRNA from Giardia-positive stool samples from humans living in isolated  165 
Aboriginal communities identified 92% (11/12) as assemblage B and 8% (1/12) as a mixed A  166 
and B infection (Hopkins et al., 1997). A population survey of 353 children under the age of 5  167 
years  and  attending  day-care  centres  in  Western  Australia  conducted  during  1998-2000  168 
identified a prevalence of 7.6% (27/353) for Giardia (Read et al., 2002). Sequence analysis of  169 
the 18S locus of  23 isolates  identified 70% (16/23) as  assemblage B and 25% (7/23) as  170 
assemblage A (Read et al., 2002). Another study using sequence and restriction fragment  171 
length polymorphism (RFLP) analysis of the gdh locus, which included 17 Australian human  172 
isolates, identified assemblage A1/A2 in ~41% (7/17) of isolates and assemblage B3/B4 in  173 
~59% (10/17) of isolates (Read et al., 2004). Few studies have compared the prevalence of  174 
Giardia  subtypes  in  sporadic  cases  from  urban  and  rural  areas.  In  the  present  study,  the  175 
majority of cases (~73%) were from rural areas and of these ~26% were A2, ~38% were B3  176 
and ~36% were B4 (Table 2).  177 
The prevalence of assemblages A and B in humans varies considerably from country  178 
to country, and from study to study, although assemblage B seems more common overall  179 
(Gelanew et al., 2007; cf. Caccio and Ryan, 2008; Pelayo et al., 2008; Ajjampur et al., 2009;  180 
Lalle  et  al.,  2009).  In  New  Zealand,  ~76%  of  human  isolates  (n  =  30)  were  typed  as  181 
assemblage A and the remainder (~24%) were assemblage B (Winkworth et al., 2008). In  182 
Egypt, two different surveys based on RFLP analysis of the triose phosphate isomerase (tpi)  183 
locus have identified assemblage A as more prevalent than B (El-Shazly et al., 2004; Helmy  184 
et al., 2009), whereas another study based on sequence anlaysis of the tpi locus identified  185 
assemblage B in 80% of human isolates genotyped (Foronda et al., 2008). A recent study  186 
reported that assemblage B infections had a higher rate of cyst shedding in children, which  187 
may promote its spread (Kohli et al., 2008).   188 ACCEPTED MANUSCRIPT 
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The genotyping of G. duodenalis assemblages in Australian humans was conducted  189 
using PCR amplification and sequencing of two commonly used markers, the 18S rRNA and  190 
gdh genes. The 18S rRNA locus is more conserved, whereas the gdh locus is more variable  191 
and permits subtyping within assemblages (Caccio and Ryan, 2008). Although the 18S locus  192 
is very conserved, it was included in this analysis as it is reported to easily detect  mixed  193 
templates (Wielinga and Thompson, 2007). Of the 124 samples amplified at the 18S locus,  194 
only 109 (~88%) could be amplified at the gdh locus. The reason for this is unknown but may  195 
be  due  to  the  higher  copy  number  of  the  18S  locus.  There  was  >  95%  agreement  in  196 
assemblage assignment between the two markers with only five isolates assigned to different  197 
assemblages  at the two loci. The assignment of Giardia isolates to different  assemblages  198 
using different markers has been found in both human and animal isolates and has been found  199 
using different combinations of gene markers (Caccio and Ryan, 2008). There are various  200 
explanations  for  ‘assemblage  swapping’  such  as  mixed  infections  and/or  meiotic  201 
recombination (Caccio and Ryan, 2008). As mixed A and B infections were detected in two  202 
human isolates at the 18S locus (GH71 and GH61), the most likely explanation is that there  203 
were mixed assemblage infections present in the five isolates which typed differently at the  204 
two loci, and the different markers used (18S and gdh) amplified different assemblages from  205 
the same host. Mixed infections are quite common and have been identified in multiple hosts,  206 
including dogs, where both zoonotic and host adapted genotypes were identified in the same  207 
sample  using  different  markers  (Traub  et  al.,  2004;  Caccio  and  Ryan,  2008).  However,  208 
analyses of the 18S sequence chromatograms for the five isolates (GH104, GH135, GH172,  209 
GH94 and GH179) indicated no evidence of multiple peaks.  210 
Several studies have reported a correlation between assemblage A/A2 and diarrhoea   211 
(Read et al., 2002; Haque et al., 2005; Sahagún et al., 2008). In contrast, two other studies  212 
have  reported  a  strong  correlation  between  assemblage  B  and  severe/persistent  diarrhoea  213 
(Homan  and  Mank,  2001;  Gelanew  et  al.,  2007).  Another  study  reported  no  correlation  214 ACCEPTED MANUSCRIPT 
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between the type of assemblage and symptoms (Lebbad et al., 2008). In the present study, all  215 
of the isolates were obtained from a pathology laboratory and although clinical data were not  216 
available for ~35% of samples, diarrhoea was the most common symptom (~74%) for both  217 
assemblages A and B.   218 
Recent molecular analyses of Giardia isolates at the gdh, tpi and the β-giardin (bg)  219 
genes  indicate  a  high  degree  of  genetic  variability  within  both  assemblages  A  and  B  220 
(Wielinga  and  Thompson,  2007),  which  may  contribute  to  the  elucidation  of  different  221 
transmission pathways, including the role of animals as a reservoir for human giardiasis. In  222 
the  present  study,  phylogenetic  analyses  revealed  variation  within  assemblage  B  and  223 
particularly  within  B3  isolates.  Only  14  of  the  44  B3  isolates  were  identical  to  the  B3  224 
reference isolate BAH12. The remaining 31 B3 isolates had between one and four SNPs from  225 
BAH12.  Alignment  analysis  of  the  polymorphisms  within  the  B3  and  B4  gdh  sequences  226 
revealed that all nucleotide substitutions observed among the assemblage B3/B4 sub-groups  227 
were positioned at the third nucleotide of the codons and were transition mutations, i.e., they  228 
were purine–purine or pyrimidine–pyrimidine substitutions. Assemblage B was thought to be  229 
largely  restricted  to  humans,  however  more  recently  assemblage  B  has  been  reported  in  230 
beavers, cattle, dogs, horses, monkeys, muskrats, rabbits and sheep (cf. Caccio and Ryan,  231 
2008). Several of the assemblage B subtypes identified in the present study have recently been  232 
identified in marsupials, indicating potential transmission between humans and marsupials  233 
(Thompson et al., 2008). For example, the B3 subtype identified in isolate GH172 (and eight  234 
other  human  isolates)  has  also  been  identified  in  a  western  grey  kangaroo  (Macropus  235 
fuliginosus) and a red kangaroo (Macropus rufus). The B4 subtype identified in 23 isolates  236 
(including GH20) (Fig. 1), has recently been identified in a quokka (Setonix brachyurus), a  237 
yellow-footed rock-wallaby (Petrogale xanthopus), a tammar wallaby (Macropus eugenii), a  238 
swamp  wallaby  (Wallabia  bicolor)  and  red  kangaroos  (Thompson  et  al.,  2008).  The  239 ACCEPTED MANUSCRIPT 
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identification  of  a  B3  variant  isolate  (GH78)  that  was  identical  to  a  sequence  from  a  240 
Norwegian red fox (Hamnes et al., 2007) also suggests potential zoonotic transmission.  241 
In conclusion, assemblage B dominated in Giardia isolates from humans in sporadic  242 
cases  of  giardiasis  in  Western  Australia.  The  assemblage  A  isolates  were  completely  243 
homogenous  genetically  at  the  gdh  locus,  while  assemblage  B  showed  variability  at  the  244 
nucleotide but not at the amino acid level. Some of the assemblage B3 and B4 subtypes  245 
identified in humans have been identified in marsupials in Australia and in a fox, indicating  246 
potential zoonotic transmission.  247 
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Figure legend  329 
  330 
Fig. 1. Phylogenetic relationships of Giardia isolates inferred by Neighbor Joining analysis of  331 
Kinura’s distances calculated from pair-wise comparisons of glutamate dehydrogenase (gdh)  332 
sequences. Percentage bootstrap support (>70%) from 1,000 replicate samples is indicated at  333 
the left of the supported node.   334 
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Table 1. Distribution of Giardia assemblages in Western Australian humans by age at the 18S and 
glutamate dehydrogenase (gdh) loci.   
Age range 
(years) 
No. of 
cases 
%  18S locus    gdh locus 
A  B    A2  B3  B4 
≤ 5  70/124  56.5  16  54    15  29  20 
6-15  17/124  13.7  5
a  12
a    4  3  6 
16-39  19/124  15.3  5
a  14
a    5  5  7 
40-70  18/124  14.5  5  13    3  7  5 
Total      31  93    27  44  38 
 
a Mixed A and B infection. 
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Table 2. Distribution of Giardia assemblages in Western Australian humans in urban and rural 
areas at the 18S and glutamate dehydrogenase (gdh) loci. 
Location  18S locus    gdh locus 
A  B    A2  B3  B4 
Urban  8  25    6  13  8 
Rural  23
a  68
a    21  31  30 
Total  31  93    27  44  38 
 
aTwo mixed A and B infections. 
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Table 3. Polymorphisms in 10 Giardia B3 sub-group isolates compared with B3 reference isolate 
BAH12  (AF069059)  at  the  glutamate  dehydrogenase  (gdh)  locus.  Polymorphic  sites  are 
numbered with reference to the full-length gene.      
 
 
Isolate 
Position 
216  228  276  279  438  465  516  531 
BAH-12  C  C  T  G  C  C  C  G 
GH15  C  C  C  G  T  T  C  G 
GH25  C  C  T  G  T  C  C  G 
GH27  C  C  C  G  C  C  C  G 
GH31  C  C  C  G  T  C  C  G 
GH78  T  C  T  G  C  C  C  G 
G36  T  C  T  G  T  C  C  G 
GH46  C  C  C  A  C  C  T  A 
GH50  C  C  T  G  C  C  C  G 
GH104  T  T  C  G  C  C  C  G 
GH171  C  C  C  A  C  C  C  G 
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Table  4.  Polymorphisms  in  Giardia  B4  isolates  compared  with  B4  reference  isolate  Ad45 
(AY178739) at the glutamate dehydrogenase (gdh) locus. Polymorphic sites are numbered with 
reference to the full-length gene. 
 
     
Isolate 
Position 
357  597 
Ad-45  T  C 
GH18  C  C 
GH16  C  T 
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0.1
GH104     
GH31      
AB434535  
GH16
GH168     
AB295652  
GH36      
DQ904425  
GH78      
AB295649  
GH25      
Assemblage B3 (BAH12, AF069059)
GH102     
GH148     
GH46      
GH171     
100
64
100
58
52
51
90
82
99
100
75
71
100
70
80
54
100
100
66
GH50, GH59, GH85, GH92, GH96, GH103,  
GH107, GH123, GH129, GH163,  GH174, 
GH175, GH182,  GH185
GH15, GH57, GH86, GH93, GH95, 
GH124, GH170, GH172, GH184,  
GH27, GH109, GH112, GH114, GH119, 
GH130, GH137, GH174, GH180, GH181 
AY178750, GH18, GH40, GH47, GH52, GH53, 
GH56, GH58,  GH87, GH118, GH110, GH131, 
GH135, GH138 , GH165
GH3, GH6, GH8, GH19, GH20, GH21, GH43, GH44, GH51, 
GH70, GH73, GH76, GH99, GH108, GH115, GH121, GH122, 
GH125,  GH128, GH132, GH144, GH164, GH183.
Assemblage D-U60986
Assemblage C-U60985
Assemblage G-AF069058
Assemblage F-AY178744
Assemblage E - Livestock 
P15-AY178741
U47632  
Assemblage A1-L40509
GH9, GH17, GH26, GH34, GH39, GH42, GH55, 
GH60, GH61, GH62, GH68, GH71, GH75, GH77, 
GH88, GH89, GH94, GH100, GH101, GH106, GH111, 
GH154, GH160, GH161, GH167, GH177, GH179
Assemblage A2-Ad2-L40510
M84604
G. ardeae_
Assemblage B4 (Ad-45 AY178138)
Figure 1